To achieve a high photon-to-charge conversion efficiency, the electron−hole pair generated by photon absorption in organic photovoltaic systems must overcome the Coulomb attraction, which often results in voltage loss. Bearing this in mind, we performed ab initio time-domain simulations of the charge separation and energy relaxation across an interface formed by poly(3-hexylthiophene) (P3HT) and a single-walled carbon nanotube (CNT). The dynamics of the positive and negative charges showed strong asymmetry. Photoexcitation of the polymer leads to a 100 fs electron transfer, in agreement with the experiment, followed by a loss of 0.6 eV of energy within 0.5 ps. Photoexcitation of the CNT leads to hole transfer, which requires nearly 2 ps, but loses only 0.3 eV of energy. The strong disparity arises due to the differences in the localization of the photoexcited donor states, the number densities of the acceptor states, and the phonon modes involved. Used as a chromophore, P3HT produces faster charge separation but leads to larger energy losses and cannot harvest light in the red region of the solar spectrum. In contrast, CNT absorbs a broader range of photons and reduces energy losses but gives a less efficient charge separation. The complementary properties of the two chromophores can be utilized to improve the performance of solar cells by optimizing simultaneously light harvesting, charge separation, and energy relaxation, which affect the photovoltaic yield, current, and voltage.
O rganic photovoltaic cells, and bulk-heterojunction (BHJ) cells in particular, have been demonstrated as low-cost alternatives to silicon-based solar cells, offering a promising long-term solution for clean, renewable energy. 1−5 The low dielectric constant of organic conjugated materials results in significant Coulomb interactions between charge carriers and gives rise to a strongly bound electron−hole pair, called an exciton, rather than to free charge carriers. 6 Upon exciton dissociation by photoinduced charge transfer, 7 the electron on the acceptor (A) species and the hole on the donor (D) species are still interacting. If the bound electron−hole pairs cannot separate, recombination will eventually occur, leading to solar cell efficiency losses. The challenge exists in separating the photogenerated electron−hole pairs between electron-donating and electron-accepting materials. When the exciton is localized on the D material, the charge separation involves electron transfer between the lowest unoccupied molecular orbitals (LUMOs) of D and A. The driving force is the energy offset of LUMOs between D and A materials. Alternatively, if the exciton is localized on the A, the charge separation proceeds by hole transfer between the highest occupied molecular orbitals (HOMOs) of the A and D. It is driven by the energy offset of HOMOs between the A and D materials. For BHJ solar cells both scenarios are possible, and a deeper understanding of the charge generation, separation, and energy relaxation dynamics is necessary for providing guidelines for the design of the next generation of high-performance materials for organic photovoltaics.
Composites of poly(3-hexylthiophene) (P3HT) and singlewalled carbon nanotubes (CNTs) are promising candidates for BHJ solar cells, 1−4 because excitons generated in the polymer produce long-lived charge carriers due to the efficient separation of the electron−hole pairs across the P3HT/CNT interface. 8 Utilization of P3HT/CNT hybrids as charge extraction and active photoabsorption layers has produced a 7.6% power conversion efficiency in an organic solar cell composed of a low band gap polymer donor and PC70BM acceptor. 9 The high charge-carrier mobility of semiconducting CNTs and the possibility of solution processing provide additional advantages for high-performance, low-cost applications. CNTs have been identified as promising candidates for high mobility charge extraction paths 10−12 and excitonic antennas. 13, 14 Conjugated polymers with extensive π-conjugated structures interact strongly with CNTs. 8,15−18 P3HT in particular is one of the most common hole exaction materials in BHJ solar cells. 19 It has been the subject of multiple experimental and theoretical investigations. [15] [16] [17] 20 P3HT possesses a high-carrier mobility 21 and is commonly used in fundamental studies as a benchmark polymer, because its electronic structure and optical properties are well-known. Often, the charge injection yield in P3HT/CNT composites is small because of the alternative pathway, involving fast energy transfer from P3HT to CNTs, and leading to an undesired loss of the photogenerated electrons and a relatively low efficiency of P3HT/CNT solar cells to date. 22, 23 Recently, Nicholas and coauthors reported ultrafast extraction of hot electrons from photoexcited P3HT into singlewalled semiconducting CNT occurring on a 430 fs time scale. 15 The injection of the photogenerated electrons is ultrafast, causing the electron and hole in the P3HT to part rapidly and reducing charge recombination. CNTs can be used as chromophores as well, with a clear advantage of reaching into the read and near-infrared 24 parts of the solar spectrum. CNT photoexcitation leaves the electron inside CNT and causes hole transfer into P3HT. Figure 1 demonstrates the charge separation dynamics following photon absorption of either P3HT or CNT, which form a type-II photovoltaic heterojunction. Excitation of P3HT followed by electron transfer or excitation of CNT followed by hole transfer lead to exactly the same charge separated state. However, the dynamics of these and competing processes can be very different in the two scenarios. Solar cell properties and performance depend strongly on these dynamics. The combination of the two light absorbers and the ensuing excitation dynamics can be exploited to optimize light-harvesting, current, voltage, and efficiency of photovoltaic devices. In order to achieve this goal, one needs to obtain a detailed understanding of the photoinduced processes, which can be produced by atomistic modeling.
The current Letter reports time-domain ab initio simulations of the photoinduced dynamics in a P3HT/CNT system and considers implications of the obtained results to developing organic solar cells. The first part of the simulations, focusing on electron transfer from P3HT to CNT, relates directly to the recent experimental work by Nicholas and co-workers. 15 The second part, dealing with hole transfer from CNT and P3HT, makes experimentally testable predictions. Taken together, the two simulations provide a comprehensive description of the excited state dynamics at the P3HT/CNT interface and lead to valuable suggestions for photovoltaic device optimization. The study establishes the electron and hole transfer mechanisms and time scales and characterizes the electronic states and phonon modes that facilitate the charge transfer and energy dissipation. The obtained electron transfer time agrees with the available experimental observation. 15 The driving force for both electron and hole transfer is generally larger than the exciton binding energies in P3HT and CNT, respectively. The electron transfer is an order of magnitude faster than the hole transfer, because of a stronger donor−acceptor coupling, higher density of acceptor states, and a broader range of participating phonon modes. The electron moves from P3HT to CNT primarily by the adiabatic mechanism and then relaxes nonradiatively inside CNT. In contrast, hole transfer occurs simultaneously with energy relaxation by the nonadiabatic mechanism. The transfer of both electrons and holes is promoted primarily by the highfrequency C−C stretching modes of the two materials. Additionally, electron couples to lower frequency radial breathing modes (RBM) of CNT and P3HT torsional motions. CNT is capable of harvesting a broader range of sunlight and reduces energy losses to heat. At the same time, it leads to less efficient charge separation. In comparison, P3HT gives fast charge separation but is limited to higher frequency sunlight and leads to more energy losses. The differences in the P3HT and CNT light harvesting, and subsequent dynamics, suggest a tool for tuning solar cell properties. A broader range of solar photons can be harvested, and losses of energy and voltage can be reduced by increasing the CNT concentration and using CNTs of different diameters and chiralities. On the other hand, high P3HT concentrations improve charge separation and give higher currents.
The simulations employ the quantum-classical fewestswitches surface hopping technique 25 implemented within the time-dependent Kohn−Sham theory. 26, 27 In this approach, the lighter electrons are treated quantum mechanically, while the heavier nuclei are classical. The method has been applied successfully to study electron transfer and relaxation dynamics at interfaces of TiO 2 with molecular chromophores, 28 quantum dots (QDs), 29 and graphene, 30 in carbon nanotubes, 31 fullerenes, 32 graphane, 33 semiconducting quantum dots, 34, 35 and metallic 36, 37 nanocrystals. The approach provides a detailed ab initio picture of the coupled electron-vibrational dynamics on the atomic scale and in the time domain. After an initial excitation, the simulated system is allowed to evolve in the electronic state manifold coupled to phonons. Nonadiabatic couplings, computed on the fly, induce electronic transitions. A detailed description of the method is presented in our previous studies. 26, 31, 35 The simulation cell includes a unit cell of the (10,2) CNT and a P3HT oligomer composed of six thiophene units ( Figure  2 ). The P3HT side-chains are included fully. At least 8 Å of vacuum surround the system everywhere in the direction perpendicular to the CNT axis, to eliminate spurious interactions between the periodic images. Note that the system components are apolar and carry no dipole moment, making the periodic calculation easier to converge with the vacuum size. The simulation cell measures 23.7 Å in the axial direction. 20 This setup provides a good representation of the experiment, 15 which focuses on the (6,5) CNT. In particular, the band alignment of the (10,2)/P3HT system, Figure 3 , is the same as in the (6,5)/P3HT composite. We chose the (10,2) CNT, because its unit cell contains 1.5 times fewer atoms than that of the (6,5) CNT. Further, the (10,2) CNT closely matches the periodicity of the P3HT polymer, allowing us to use a smaller oligomer.
The geometry optimization, electronic structure, and adiabatic molecular dynamics (MD) simulations are performed with the Vienna ab initio simulation package (VASP). 38, 39 Nonlocal exchange−correlation interactions are treated with 40 The interaction of the ionic cores with the valence electrons was described by the projector-augmented wave (PAW) approach. 41, 42 The van der Waals long-range force is included to stabilize the system for geometry relaxation and MD simulation. 43 After the geometry optimization at 0 K, the system is heated from 0 to 300 K during 4.0 ps, using uniform velocity rescaling. Finally, trajectories for the nonadiabatic electron-vibrational dynamics are generated in the micro-canonical ensemble. The nuclear time step for the equilibration and production runs is set to 1.0 fs. The electronic time step for the nonadiabatic dynamics is 1.0 as. It is assumed that photoexcitation of either P3HT or the CNT creates a hole and an electron in the corresponding HOMO and LUMO. The lowest energy bright excitation of P3HT is well-represented by the HOMO−LUMO transition. On the other hand, the lowest energy exciton in CNTs is typically dark. At the same time, the splitting between the bright and dark excitons is small, and therefore, the excitation energy is close to the HOMO−LUMO gap. Once the bright exciton is excited, it relaxes rapidly to the HOMO−LUMO exciton, losing nonradiatively only a small amount of energy.
The interaction between P3HT and CNT determines the rates of electron and hole transfer and the competition of the transfer processes with energy relaxation. In turn, the P3HT/ CNT geometry and separation influence the strength of the interfacial interaction. Figure 2 shows the optimized geometry (top panel) and a snapshot (bottom panel) from MD simulation at ambient temperature. Comparing the zero-and finite-temperature geometries, we observe that P3HT remains bound to CNT at room temperature because van der Waals interaction stabilizes the two components, even though the average separation increases from 3.23 to 3.91 Å. P3HT is flat at 0 K, indicating that the π-electron system remains intact, and the P3HT−CNT interaction is purely van der Waals. As temperature increases, the CNT structure deforms slightly due to RBM motions. P3HT changes structure to a much greater extent, Figure 2 (bottom panel). The P3HT side-chains fluctuate significantly, embracing the CNT, and the P3HT backbone undergoes large-scale undulating motions. The outof-plane displacements of the carbon and sulfur atoms have a strong effect on the electron, hole, and energy relaxation dynamics. The motions perturb the π-electron conjugation, changing the energies of the P3HT states. The low-frequency out-of-plane P3HT motions and CNT RBMs affect electronic energy levels, creating electron−phonon nonadiabatic coupling. High-frequency carbon−carbon stretching modes do not significantly alter the electronic energies but contribute strongly to the nonadiabatic coupling, since they are fast and create large nuclear velocities, dR/dt, that enter the nonadiabatic coupling matrix element −iℏ⟨φ̃k|∇ R |φ̃m⟩·(dR/dt). Figure 3a shows the projected density of states (PDOS) of P3HT and CNT in the P3HT/CNT composite under investigation at 0 K. The PDOS clearly demonstrates the formation of a type-II photovoltaic heterojunction, as illustrated explicitly by the inset. The lowest energy excited state formed at the heterojunction is a charge transfer state with the electron localized on the CNT LUMO and the hole located on the P3HT HOMO. Photoexcitation of P3HT leads to electron transfer onto CNT, while photoexcitation of CNT results in hole transfer to P3HT. The energies lost to vibrational motions during the electron and hole transfer events are 0.61 eV and 0.36 eV, respectively. These numbers represent canonical averages and indicate that nearly twice more energy is lost after P3HT excitation than after CNT excitation. Figure S1 shows the evolution of the HOMOs and LUMOs of CNT and P3HT along a representative part of the MD trajectory. Note that the P3HT LUMO fluctuates much more significantly than the P3HT HOMO, because the P3HT LUMO mixes with the CNT states (Figure 3b ). The band-edge offsets between the CNT and the polymer represent the type-II heterojunction, which is preserved during thermal fluctuations at room CNT has a much larger DOS than P3HT. The inset shows the energy offsets between the donor and acceptor orbitals for the electron and hole transfer. Energy loss during transfer decreases device efficiency. (b) Charge densities of the donor and acceptor orbitals for the hole and electron transfer, left and right panels, respectively. The electron donor state is delocalized significantly between P3HT and CNT, while the hole donor state is localized on CNT. The acceptor states are localized in both cases. The vertical arrows between parts (a) and (b) relate the donor and acceptor orbital images to the energies. Notice in part (a) that the P3HT LUMO is in energy resonance with a high density of CNT states, while the CNT HOMO is isoenergetic with a low density of P3HT states. This explains why photoexcitation of P3HT promotes the electron to a state that is already delocalized onto CNT and why the electron transfer is faster than the hole transfer ( Figure 5 ).
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Letter dx.doi.org/10.1021/nl500792a | Nano Lett. 2014, 14, 3335−3341 temperature. Combined with the fact that CNT has a smaller band gap, and therefore, can harvest the red part of the sunlight spectrum, the result indicates that CNT photoexcitation can lead to more efficient solar cells than P3HT photoexcitation. The corresponding efficiency estimates are provided in the Supporting Information.
To achieve charge separation, the electron and hole must overcome the Coulomb attraction, characterized by the exciton binding energy. The exciton binding energy of P3HT is 0.3 eV, 44 which is smaller than the electron and hole transfer driving forces of 0.61 and 0.36 eV (Figure 3a) . The exciton binding energies of semiconducting CNTs range from 0.2 to 0.5 eV, depending on CNT size, chirality, and dielectric constant of the surrounding medium that screens the Coulomb interactions. 45−47 A polar medium, such as water, can reduce the binding energy by a factor of 2. 48 A nonpolar medium such as P3HT has a smaller screening effect. The electron transfer driving force of 0.61 eV is larger than exciton binding energy in any CNT, while the hole transfer driving force of 0.36 eV is within the CNT exciton binding energy range. Thus, one can anticipate barrier-less photoinduced electron transfer and a range of scenarios, both with and without a Coulomb interaction barrier, for the hole transfer. CNTs may be both semiconducting and metallic, depending on chirality. Nonradiative energy losses to heat are very rapid in a metal, and it is harmful for achieving efficient charge separation and the photovoltaic effect. Metallic CNTs should be excluded to increase photovoltaic performance of a heterojunction. The band gap of semiconducting CNTs depends on both diameter and chirality. Different CNTs will exhibit varying band offsets relative to P3HT and other polymers, affecting the driving force for the charge separation.
In addition to the driving force, the charge separation efficiency depends on a number of other factors, including donor−acceptor coupling and the density of acceptor states. Figure 3a shows that PDOS is higher for CNT than P3HT. Note that in a realistic system P3HT is likely to wrap around CNTs rather than being parallel. A more detailed research on the effect of wrapping of conjugated polymers on their optical properties and relative alignments of the polymer and nanotube optical bands has been presented by Kilina and co-workers. 49 It was shown that the main optical band of the polymer is blueshifted when the polymer wraps around the tube. The band also becomes broader. Therefore, polymer wrapping can decrease of the valence and conduction band-edge offsets between the polymer and the nanotube. Wrapped around the CNT, P3HT will have a higher relative PDOS (Figure 3a) . Still, per unit cell of the combined system, the number of carbon atoms carrying π-electrons will be larger for CNT than P3HT. Therefore, the density of acceptor states is greater for the electron transfer from P3HT to CNT than for the hole transfer from CNT to P3HT.
The key electron and hole orbitals that take part in the relaxation processes are shown in Figure 3b . The energies of these states are indicated by the vertical arrows extending from Figure 3b to 3a. The delocalization of the orbitals between P3HT and CNT characterizes the strength of the donor− acceptor coupling. In general, the stronger is the interaction, the more significant is the delocalization. The mixing occurs due to interaction of the π-electron subsystems of P3HT and CNT. The donor state for the electron transfer, top-left panel of Figure 3b , is delocalized significantly between P3HT and CNT, indicating strong donor−acceptor coupling. In contrast, the donor state for the hole transfer, top-right panel of Figure  3b , is localized strongly on CNT, suggesting that the coupling is weaker in this case.
The analysis of the electronic structure of the P3HT/CNT heterojunction indicates that all three factorslarger driving force, higher density of acceptor states, and stronger donor− acceptor couplingbenefit electron rather than hole transfer. More efficient charge separation resulting from photoexcitation of P3HT favor increased solar cell currents. At the same time, the large driving force results in significant energy losses, reducing solar cell voltage.
A complete description of the electron−phonon dynamics, leading to the photoinduced charge separation and energy relaxation, relies on knowledge of both the electronic structure of the hybrid system ( Figure 3 ) and electron−phonon interactions. Vibrational motions promote charge transfer and are responsible for solar energy losses to heat. Figure 4 presents Fourier transforms (FTs) of the phonon-induced fluctuations of the energy offsets between the donor and the acceptor states for the electron and hole transfer. In particular, the top panel shows the FT of gap between the P3HT and CNT LUMOs, while the bottom panel presents the FT of the gap between the P3HT and CNT HOMOs. The charge densities of the HOMO and LUMO orbitals are shown in Figure 3b , and the evolution of these energy levels arising from thermal fluctuations of atoms is depicted in Figure S1 . The frequency and amplitude of the data characterize the phonon modes involved in the transfer and the strength of the electron−phonon coupling, respectively. The electron transfer is facilitated by a broader range of phonon modes than hole transfer. The difference arises from the low frequency motions, <300 cm −1 , associated with the torsional modes of the polymer and CNT RBM. The slow motions affect localization of the photoexcited state for electron transfer, shared between P3HT and CNT, Figure 3b (top-left panel) . In contrast, both donor and acceptor states for hole transfer are strongly localized on CNT and P3HT, respectively, Figure 3b (right panels). As a result, the slow-frequency modes have little effect on hole transfer. The high-frequency C−C stretching motions of the polymer and CNT, with frequencies in the 1400−1600 cm −1 range, drive both transfer processes ( Figure  5 ). The stronger involvement of the low frequency modes in electron rather than hole transfer contrasts with the electron− phonon relaxation in an isolated CNT. 50 Here, the state delocalization argument does not apply. Holes couple to lower frequency phonons, because hole orbitals have fewer nodes than electron orbitals, better matching the nodal structure of low-frequency vibrations.
The computed average absolute values of the nonadiabatic coupling for electrons and holes are 12.4 and 1.54 meV, respectively. The broader range of phonon modes and the stronger electron−phonon coupling contribute to the faster electron dynamics compared to the holes ( Figure 5 ). This is true of both charge transfer and nonradiative relaxation. Parts a and b of Figure 5 describe charge transfer, while parts c and d characterize energy relaxation. The time constants reported in the figure are obtained by fitting the data to an exponential, f(t) = f(t 0 ) + A exp(−t/τ 1 ), for electrons, and to an Gaussian, f(t) = f(t 0 ) + B exp(−0.5(−t/τ 2 ) 2 ), for holes. Exponential dynamics is indicative of a large number of final states, while Gaussian behavior is associated with few final states. The number of final states for electron transfer is determined by the DOS of the CNT conduction band, while the number of final states for hole transfer is given by the DOS of the P3HT valence band. The former is significantly higher than the latter (Figure 3a) , rationalizing the exponential and Gaussian dynamics. Generally, quantum dynamics starts in a Gaussian/quadratic manner, associated, for example, with the quantum Zeno effect, 51 and then develops into an exponential process, whose rate can be described, for instance, by Fermi's golden rule.
The electron transfer occurs more than an order of magnitude faster than the hole transfer for several reasons (Figure 5a,b) . The density of CNT states accepting the electron is significantly higher than the density of P3HT states accepting the hole (Figure 3a ). This is because CNTs have a significantly larger π-electron system than conjugated polymers. The donor−acceptor interaction is also stronger for the electron transfer, as indicated by the notable delocalization of the photoexcited donor state onto the acceptor (Figure 3b ). Finally, the nonadiabatic electron−phonon coupling is significantly stronger for the electrons than for holes, 12.4 vs 1.54 meV, in part because of a wider range of phonon modes involved (Figure 4 ). The charge-phonon energy relaxation is also faster for the electrons than holes (Figure 5c,d) , due to a stronger charge−phonon coupling and a higher density of CNT states. The transfer of electron precedes electron−phonon relaxation, while the times of hole transfer from CNT to P3HT and hole relaxation inside P3HT are similar. The calculated electron transfer time is faster than the experimental value of 430 fs. 15 Most likely, this is because the simulation uses a P3HT monolayer, while a few layers of P3HT are included in the experiment, requiring electron diffusion from outer to inner layers.
To achieve computational efficiency, the simulation is based on a minimalistic P3HT model, including a single polymer chain stretched along the CNT axis. In realistic systems, the polymer wraps around the CNT, and possibly, several polymer chains surrounds the CNT. Specific details of an experimental system can influence quantitative, but not qualitative, conclusions of the present work. Thus, a higher P3HT/CNT ratio will decrease the difference in the P3HT and CNT DOS (Figure 3a) reducing the imbalance in the electron and hole transfer times from over 2 orders of magnitude to, perhaps, 1 order of magnitude. The relative locations of the energy levels should depend little on the species concentration, and therefore, the conclusion regarding a significantly higher energy loss following electron compared to hole transfer will remain unchanged. Larger diameter CNTs will absorb light deeper into the near-infrared region.
The difference in the CNT and P3HT absorption spectra and the strong imbalance between the photoinduced electron and hole transfer events can be utilized for optimization of light harvesting, voltage, and current in solar cells. The experimental designs use small amounts of CNTs in P3HT, e.g., 1%. 15 This achieves rapid charge separation and high currents, at the expense of lower voltages due to significant electron−phonon energy losses. Light from the red and near-infrared regions of solar spectrum is harvested only slightly. By increasing the CNT concentration, once can harvest light over a broader range of solar spectrum, while reducing energy losses to heat. In addition, electron mobility should increase due to better conductivity of CNTs compared to P3HT. However, if the CNT concentration becomes high, the charge separation efficiency will be reduced, and the hole mobility can become problematic due to the small concentration and low relative conductivity of P3HT. The effect of the CNT/P3HT concentration ratio on solar cell performance will depend on mixing and morphology 52 in the CNT/P3HT hybrid material. An optimal concentration ratio can be chosen depending on a specific goal.
In summary, by applying our unique methodologies combining time-domain density functional theory and nonadiabatic molecular dynamics, we investigated the photoinduced electron and hole dynamics in a CNT/P3HT composite material, in real-time and at the ab initio atomistic level of detail. The electron transfer dynamics following P3HT excitation agrees well with the experimental data. By considering the complementary, hole transfer process resulting from CNT excitation, we established that the electron and hole dynamics are highly asymmetric. The electron transfer is an order of magnitude faster than the hole transfer, due to a higher density of acceptor states, and stronger donor−acceptor and electron-vibrational interactions. The electron-vibrational relaxation is promoted primarily by the high-frequency C−C stretching modes, with the hole relaxation additionally involving low-frequency CNT and P3HT motions. The significant differences in the light-harvesting properties of P3HT and CNT, and in the subsequent charge separation and relaxation dynamics, suggest that the properties of CNT/P3HT solar cells can be tuned continuously, as desired. By increasing the CNT concentration and using several different CNTs simultaneously, one can harvest a broader range of solar spectrum and reduce energy and voltage losses. By increasing the P3HT concentration, one achieves better charge separation and higher currents. The reported simulations provide a comprehensive description of the charge and energy transfer dynamics in the hybrid nanoscale material and suggest novel design principles for photovoltaic and photocatalytic devices.
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